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RIC-8 Is Required for GPR-1/2-Dependent G Function
during Asymmetric Division of C. elegans Embryos
the heterotrimer, inducing a conformational change that
catalyzes GDP release and subsequently GTP binding.
Upon GTP binding, conformational changes in the G
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appears to differ from this canonical cycle. Firstly, bothLineberger Comprehensive Cancer Center and
in Drosophila neuroblasts, which can undergo asymmet-Neuroscience Center
ric division when isolated in culture (Broadus and Doe,The University of North Carolina at Chapel Hill
1997), and in one-cell stage C. elegans embryos, activa-Chapel Hill, North Carolina 27599
tion likely occurs in the absence of an extracellular li-
gand and a GPCR. Secondly, G protein activity in both
organisms requires a GoLoco protein: Pins in Drosophila
Summary and GPR-1/2 in C. elegans (Colombo et al., 2003; Gotta
et al., 2003; Schaefer et al., 2001; Srinivasan et al., 2003).
Heterotrimeric G proteins are crucial for asymmetric The 19 amino acid GoLoco motif interacts specifically
cell division, but the mechanisms of signal activation with G·GDP, and GoLoco proteins typically act as gua-
remain poorly understood. Here, we establish that the nine nucleotide dissociation inhibitors (GDI), thus stabi-
evolutionarily conserved protein RIC-8 is required for lizing G·GDP (for review, see Siderovski et al., 1999;
proper asymmetric division of one-cell stage C. ele- Willard et al., 2004). Because Pins and GPR-1/2 posi-
gans embryos. Spindle severing experiments demon- tively regulate G protein activity in vivo, it has been
strate that RIC-8 is required for generation of substan- proposed that G·GDP, rather than G·GTP, may be the
tial pulling forces on astral microtubules. RIC-8 active signaling species during asymmetric cell division
physically interacts with GOA-1 and GPA-16, two G (Colombo et al., 2003; Schaefer et al., 2001).
subunits that act in a partially redundant manner in In Drosophila, Gi/Pins and another complex compris-
one-cell stage embryos. RIC-8 preferentially binds to ing Bazooka/DmaPKC/DmPar6 are located at the apical
GDP bound GOA-1 and is a guanine nucleotide ex- cortex of neuroblasts (for review, see Knoblich, 2001).
change factor (GEF) for GOA-1. Our analysis suggests Whereas both complexes are essential for polarity, they
that RIC-8 acts before the GoLoco protein GPR-1/2 function redundantly to direct spindle positioning (Cai
in the sequence of events leading to G activation. et al., 2003). G also plays a role in asymmetric division
Furthermore, coimmunoprecipitation and in vivo epis- in Drosophila, seemingly upstream of both apical com-
tasis demonstrate that inactivation of the G subunit plexes, which fail to localize properly in embryos lacking
GPB-1 alleviates the need for RIC-8 in one-cell stage G function (Fuse et al., 2003; Yu et al., 2003). In C.
embryos. Our findings suggest a mechanism in which elegans, G does not play an active positive role in
RIC-8 favors generation of G free from G and en- asymmetric division. Inactivation of the G component
ables GPR-1/2 to mediate asymmetric cell division. gpb-1 or of the G component gpc-2 in one-cell stage
embryos results in abrupt back and forth movements
of centrosomes prior to mitosis (Tsou et al., 2003). How-Introduction
ever, this phenotype is suppressed by the further inacti-
vation of the G subunits GOA-1 and GPA-16, indicatingAsymmetric division is crucial for generating cell diver-
that the phenotype merely resulted from excess G ac-sity during development. In animal cells, formation of
tivity following loss of G (Tsou et al., 2003).daughter cells that differ in size relies on the spindle
By contrast with G, G is essential for proper spin-being asymmetrically positioned during mitosis. Studies
dle positioning during asymmetric division in C. elegans.in Drosophila melanogaster and Caenorhabditis elegans
In wild-type one-cell stage embryos, the spindle elon-
established that accurate spindle positioning during
gates asymmetrically toward the posterior during mito-
asymmetric division requires heterotrimeric G proteins
sis. Spindle severing experiments, which reveal the net
(for review, see Go¨nczy, 2002; Knoblich, 2001). However, force exerted on each spindle pole, established that
the mechanisms that initiate and modulate G protein anterior-posterior (A-P) polarity cues set by the PAR
activation in this context remain poorly understood. proteins translate into an imbalance of forces pulling on
In the canonical cycle of G protein signaling (for re- spindle poles (Grill et al., 2001). As a larger net force
view, see Gilman, 1987), the ground state complex of pulls on the posterior spindle pole, the spindle elongates
G·GDP and the G dimer is inactive. Upon agonist asymmetrically and the first division is unequal. Pulling
binding, G protein-coupled receptors (GPCRs) act as forces act along astral microtubules and are exerted by
guanine nucleotide exchange factors (GEFs) that bind cortical force generators (Grill et al., 2003), whose nature
is not known but which rely on intact G activity. In
goa-1/gpa-16(RNAi) or gpr-1/2(RNAi) embryos, spindle*Correspondence: pierre.gonczy@isrec.unil.ch
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elongation is symmetric and the first division is equal Results
(Colombo et al., 2003; Gotta and Ahringer, 2001; Gotta
ric-8 Is Required for Proper Asymmetric Divisionet al., 2003; Srinivasan et al., 2003), due to a lack of
of C. elegans Embryosforces pulling on spindle poles (Colombo et al., 2003).
We analyzed the sequence of events in one-cell stageGOA-1 is enriched uniformly at the cell cortex in early
embryos using timelapse differential interference con-C. elegans embryos (Gotta and Ahringer, 2001; Miller
trast (DIC) microscopy. In wild-type (Figure 1A; Supple-and Rand, 2000). In contrast, cortical GPR-1/ 2 distribu-
mental Movie S1 at http://www.cell.com/cgi/content/tion is slightly asymmetric during mitosis in the one-
full/119/2/219/DC1/), following pronuclear meeting, thecell stage, with more GPR-1/2 at the posterior cortex
two centrosomes and associated pronuclei move to the(Colombo et al., 2003; Gotta et al., 2003 ; Tsou et al.,
cell center while undergoing a 90 rotation; as a result,2003). This asymmetry is controlled by A-P polarity cues,
the spindle sets up in the cell center and along thesuggesting that they translate into unbalanced pulling
longitudinal axis (Figure 1A, top panel). During ana-forces via differential activation of G at the cell cortex
phase, the posterior spindle pole is displaced toward(Colombo et al., 2003; Gotta et al., 2003; Tsou et al.,
the embryo posterior while undergoing transverse oscil-2003). As there is more GPR-1/2 at the posterior cortex,
lations (Figures 1A, middle panel and 1B–1C). At telo-there could be more G activity, and a larger net pulling
phase, the posterior spindle pole flattens and asymmet-force is exerted on the posterior spindle pole. In this
ric spindle position dictates unequal cleavage into amodel, GPR-1/2 may compete with G for interaction
larger anterior blastomere and a smaller posterior onewith G·GDP to initiate activation, as has also been
(Figure 1A, bottom panel).suggested for Pins (Schaefer et al., 2001). Alternatively,
Previous analysis of ric-8(md303) and ric-8(md1909)interaction of GoLoco proteins with G·GDP may func-
mutant embryos indicated that the first division is un-tion at a subsequent step in the activation cycle. It is
equal as in wild-type, although anaphase transverse os-also not known whether other components may regulate
cillations are dampened and the posterior spindle poleGOA-1 and GPA-16 signaling during asymmetric di-
does not flatten (Miller and Rand, 2000). Because ric-vision.
8(md303) and ric-8(md1909) do not appear to be nullRIC-8 may be such a component. ric-8 was identified
alleles (Miller et al., 2000), we further compromised ric-during a screen for genes that facilitate synaptic trans-
8 function using RNAi in ric-8(md303) and ric-8(md1909)mission in C. elegans and acts upstream or in conjunc-
mutants. Using spindle elongation as an indirect mea-
tion with the Gq EGL-30 in the nervous system (Miller sure of phenotypic severity, we found that one-cell stage
et al., 2000). In addition to locomotion defects, ric-8
embryos derived from ric-8(md1909) mutant animals
mutants exhibit a maternal effect genetic interaction
subjected to RNAi are the most severely affected (Sup-
with goa-1 that results in embryonic lethality among the plemental Table S1 on the Cell website).
progeny of goa-1/; ric-8/ric-8 animals (Miller and Rand, In ric-8(md1909RNAi) embryos (Figure 1D; Supple-
2000). Asymmetric spindle elongation in one-cell stage mental Movie S2 online), the initial sequence of events
ric-8 mutant embryos is less robust than in the wild- is indistinguishable from that of wild-type (Figure 1D, top
type, even though the ensuing first division is still un- panel). However, during anaphase, the posterior spindle
equal (Miller and Rand, 2000). These observations raise pole is displaced only slightly toward the posterior (Fig-
the possibility that RIC-8 positively regulates G activity ure 1D, middle panel; Figures 1E and 1F). Moreover,
in the early embryo. However, the underlying mecha- transverse oscillations are absent and the posterior
nisms and whether RIC-8 is needed for both GOA-1- spindle pole does not flatten. The almost symmetric
and GPA-16-mediated activity are not known. spindle position dictates a nearly equal first cleavage
RIC-8 is an evolutionarily conserved protein (Miller et (Figure 1D, bottom panel). In occasional embryos, pos-
al., 2000). Rat Ric-8A is a GEF for several G subunits, terior displacement is entirely absent and the first divi-
including Gq, Gi1, and Go (Tall et al., 2003). Whereas sion is equal (Supplemental Table S1 online). Therefore,
rat Ric-8A associates preferentially with free G·GDP to ric-8 is required for proper asymmetric division of one-
catalyze the formation of G·GTP, it cannot exchange cell stage C. elegans embryos, with the slight asymmetry
nucleotide of G within the heterotrimeric G protein remaining in most embryos perhaps reflecting residual
complex (G·GDP/G) (Tall et al., 2003). The mecha- ric-8 function.
nism by which RIC-8 proteins participate in G protein
signaling in vivo remains to be elucidated. RIC-8 Distribution
Here, we demonstrate that RIC-8 is required for Previous immunofluorescence analysis in neurons indi-
GOA-1- and GPA-16-dependent force generation in cated that RIC-8 subcellular distribution is strictly cyto-
one-cell stage C. elegans embryos. Our combined bio- plasmic (Miller et al., 2000). We found that the bulk of
chemical, cellular, and genetic analyses indicate that the signal is also cytoplasmic in one-cell stage embryos,
RIC-8 acts as a GEF toward G, prior to its association with a slight enrichment in the vicinity of microtubule
with GPR-1/2. asters (Figure 2A, arrowhead). In addition, some signal
We also demonstrate that G inactivation alleviates is present at the cell cortex (Figure 2A, arrow), something
the requirement for RIC-8 in G-dependent force gener- that is more apparent in two- or four-cell stage embryos
ation. Our findings contribute to elucidating the mecha- (Figure 2B, arrow). The cytoplasmic and cortical distribu-
nisms of G protein activation during asymmetric cell di- tions correspond to bona fide RIC-8 because they are
significantly diminished in ric-8(RNAi) embryos (Figurevision.
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Figure 1. RIC-8 Is Required for Proper Asymmetric Division and Generation of Pulling Forces
(A and D) Timelapse DIC microscopy of wild-type (A) and ric-8 (md1909RNAi) (D) embryos in late prometaphase (top panels) or end of
anaphase (middle panels) in the one-cell stage and at the early two-cell stage (bottom panels). In this and other figures, anterior is to the left
and elapsed time is indicated in minutes and seconds. Arrowheads point to spindle poles. Scale bar  10 m.
(B and E) Tracings of anterior and posterior spindle poles of embryos shown in (A) and (D), respectively, from spindle assembly until onset
of cytokinesis. Note limited displacement of posterior spindle pole in ric-8(md1909RNAi) compared to the wild-type.
(C and F) Positions of anterior and posterior spindle poles at the end of anaphase in 10 wild-type (C) and ric-8 (md1909RNAi) (F) one-cell
stage embryos.
(G) Average peak velocities  SEM of anterior (A) and posterior (P) spindle poles achieved after spindle severing in one-cell stage embryos
of the indicated genotypes. Values and statistical analysis are given in Supplemental Table S2.
2C). RIC-8 antibodies also decorate the nuclear periph- early embryos is cytoplasmic, although a fraction of the
protein is found at the cell cortex.ery (Figure 2B), but this signal does not appear specific
because it is still present in ric-8(RNAi) embryos (Figure
2D), a conclusion also reached when examining neurons ric-8 Is Required for Generation of Pulling Forces
on Spindle Poles(Miller et al., 2000). We observed the cytoplasmic and
cortical distributions using a different RIC-8 antibody We next addressed why there is no robust posterior
spindle displacement in ric-8(md1909RNAi) embryos.(data not shown), as well as when examining GFP-RIC-8
distribution in fixed or live specimens (Figure 2G; Sup- We first investigated whether this is due to defective
A-P polarity. However, we found that the distribution ofplemental Movie S3 on the Cell website). Moreover, we
found that the distribution of RIC-8 is not altered in ric- A-P polarity markers, including PAR-3, PAR-1, and P
granules, is not altered (Supplemental Figures S1A–S1C8(md1909) or ric-8(md303) mutant embryos (Figure 2D
and data not shown), nor in goa-1/gpa-16(RNAi) or gpr- online), indicating that RIC-8 acts downstream of, or in
parallel to, polarity cues to mediate proper spindle posi-1/2(RNAi) embryos (Figures 2E and 2F). Taken together,
these observations indicate that the bulk of RIC-8 in tioning.
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Figure 2. RIC-8 Distribution in Early C. ele-
gans Embryos
(A–G) Wild-type (A, late telophase of one-cell
stage; B, four-cell stage), ric-8(RNAi) (C, four-
cell stage), ric-8(md1909) (D, four-cell stage),
goa-1/gpa-16(RNAi) (E, four-cell stage), gpr-
1/2(RNAi) (F, four-cell stage), or GFP-RIC-8
(H, four-cell stage) embryos stained with
RIC-8 (A–F) or GFP (G) antibodies, as well as
with -tubulin antibodies. Left panels show
RIC-8 or GFP signal alone, right panels the
merge of RIC-8 or GFP (red), -tubulin
(green), and DNA (blue). Arrows in (A)–(B) and
(D)–(F) point to enrichment at the cell cortex,
arrowhead in (A) to enrichment in the vicinity
of the microtubule aster. Scale bar  10 m.
(H) Western blot analysis using RIC-8 anti-
bodies on embryonic extracts of the indicated
genotypes (top); the blot was re-probed with
antibodies against -tubulin as a loading con-
trol (bottom). Note that RIC-8 antibodies de-
tect a major species at the expected size (ar-
rowhead), which is significantly decreased in
ric-8(RNAi) extracts, as well as a minor spe-
cies (star), which is not, and that is thus likely
nonspecific. Note also that RIC-8 in ric-
8(md1909) co-migrates with this minor spe-
cies, due to an internal in-frame deletion.
Therefore, we investigated whether astral pulling dle poles persists, which likely explains the unequal
cleavage observed in such embryos. Importantly, theforces are compromised in ric-8(md1909RNAi) em-
bryos. To this end, we performed laser microbeam- peak velocities in goa-1(sa734) mutant or gpa-16(RNAi)
embryos are significantly higher than those in ric-mediated spindle severing experiments and analyzed
the resulting spindle pole movements using timelapse 8(md1909RNAi) embryos, which most resemble em-
bryos lacking both goa-1 and gpa-16 function (FigureDIC microscopy. In wild-type embryos after spindle sev-
ering, the peak velocity of the anterior spindle pole is 1G; Supplemental Table S2; see also Colombo et al.,
2003). These findings suggest that ric-8 exerts its func-0.64 m/s, whereas that of the posterior spindle pole
is1 m/s (Figure 1G; Supplemental Table S2 and Sup- tion through both G subunits.
plemental Movie S4; see also Grill et al., 2001). The
posterior spindle pole also travels further and undergoes RIC-8 Interacts with GOA-1 and GPA-16
We next investigated whether RIC-8 associates withmore extensive oscillations. In ric-8(md1909RNAi) em-
bryos after spindle severing, we found that the anterior GOA-1 and GPA-16. Using a yeast two-hybrid assay,
we found that RIC-8 interacts with both G subunitsand posterior spindle poles achieve a peak velocity of
only 0.26 m/s and 0.27 m/s, respectively (Figure (Figure 3A). We confirmed these results using a GST
pull-down assay (data not shown). To investigate the1G; Supplemental Table S2 and Supplemental Movie
S5). Furthermore, the spindle poles do not travel exten- functional significance of these interactions, we ad-
dressed whether they are altered in ric-8(md303) andsively toward the cortex nor undergo transverse oscil-
lations. We also found a reduction in peak velocities ric-8(md1909) mutants. The mutation in ric-8(md303) re-
sults in an amino acid substitution in a conserved resi-compared to wild-type after spindle severing in ric-
8(md1909), ric-8(md303), and ric-8(md303RNAi) em- due (A275E), whereas that in ric-8(md1909) is due to a
transposition insertion event (Miller et al., 2000) thatbryos, although to a lesser extent than in ric-8(md1909
RNAi) embryos (Supplemental Table S2 online). We results in an internal deletion encompassing amino acids
193–249 (Experimental Procedures). Western blot analy-conclude that ric-8 is required for generating proper
pulling forces on spindle poles. sis established that the amount of protein present in
embryonic extracts of the two mutant alleles is compara-We compared the extent of pulling forces after ric-8
inactivation to that of embryos lacking goa-1 or gpa-16 ble to wild-type (Figure 2H, lanes 1, 3, and 4). Moreover,
as expected from the molecular nature of the lesions,function. After spindle severing in goa-1(sa734) mutant
embryos or gpa-16(RNAi) embryos, the peak velocities the size of RIC-8[md303] is not altered (Figure 2H, lane
3), whereas that of RIC-8[md1909] is slightly smallerof both anterior and posterior poles are somewhat re-
duced compared to wild-type (Figure 1G; Supplemental than wild-type (Figure 2H, lane 4).
Using the yeast two-hybrid assay, we found that theTable S2). However, an imbalance between the two spin-
RIC-8 in Asymmetric Cell Division
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Figure 3. RIC-8 Interacts with GOA-1 and
GPA-16
(A) Yeast two-hybrid assay testing interaction
between wild-type RIC-8, RIC-8[md303],
RIC-8[md1712md303], RIC-8[md1909], and
GOA-1, as well as GPA-16.
(B and C) Western blot analysis using GOA-1
(B) or GPR-1/2 (C) antibodies on embryonic
extracts of the indicated genotypes. Note that
GOA-1 antibodies detect a major species at
the expected size (B, arrowhead), which is
absent in goa-1(sa734) extracts, whereas
GPR-1/2 antibodies detect a major species
at the expected size (C, arrowhead), which is
significantly decreased in gpr-1/2(RNAi) ex-
tracts. Note also minor nonspecific species
(stars).
(D–F) Coimmunoprecipitation experiments
of wild-type (D), ric-8(md303) (E), and ric-
8(md1909) (F) embryonic extracts. Extracts
were immunoprecipitated with RIC-8, GOA-1,
or GPR-1/2 antibodies, as indicated above
the lanes, and the immunoprecipitated mate-
rial analyzed by Western blot using antibod-
ies against RIC-8, GOA-1, or GPR-1/2, as indi-
cated on the left with arrowheads. The input
(1/50 of starting material) is shown for all
immunoprecipitation experiments; the flow
through unbound material (1/50 of ending
material) is shown for the wild-type (D). Note
that GPR-1/2 antibodies do not coimmuno-
precipitate RIC-8 or GOA-1, even though the
reciprocal coimmunoprecipitations are ob-
served, perhaps because the epitopes recog-
nized by the GPR-1/2 antibodies, which were
raised against the C-terminal portion of the
protein, are engaged in protein-protein inter-
actions.
interaction of RIC-8[md303] and RIC-8[md1909] with observations indicate that association with GOA-1 and
GPA-16 is necessary for RIC-8 function.GOA-1 and GPA-16 is much reduced compared to wild-
type (Figure 3A). Therefore, alanine 275, as well as amino
acids 193–249, are necessary for efficient interaction of RIC-8 Is a GEF and GPR-1/2 Is a GDI
RIC-8 with G. We found in addition that neither an To assess the nucleotide dependence of the RIC-8/
N-terminal segment, which encompasses amino acids GOA-1 interaction, we performed reciprocal coimmuno-
193–249, nor a C-terminal segment of RIC-8 is sufficient precipitation in the presence of excess GDP or of the
to mediate interaction with GOA-1 (Supplemental Figure nonhydrolyzable GTP analog GTPS. These experi-
S2 online). Moreover, we found that a RIC-8 variant cor- ments revealed that RIC-8 associates preferentially with
responding to an intragenic revertant of ric-8(md303), GOA-1·GDP in embryonic extracts (Figure 4A). The pref-
ric-8(md1712 md303) (Miller et al., 2000), fully restores erence for GDP bound GOA-1 was confirmed in surface
interaction with GOA-1 and GPA-16 (Figure 3A). plasmon resonance-based binding measurements us-
To test if RIC-8 associates with GOA-1 in vivo, we ing recombinant RIC-8 and GOA-1 (Supplemental Figure
performed reciprocal coimmunoprecipitation experi- S3 online).
ments. We raised antibodies against GOA-1, which rec- To determine the biochemical activity of RIC-8, we
ognize a major species of the expected molecular weight measured the kinetics of [35S]GTPS binding to GOA-1
in wild-type embryonic extracts; this species is absent and found that the presence of recombinant RIC-8 mark-
in goa-1(sa734) mutant embryonic extracts (Figure 3B). edly enhanced binding of GTPS (Figure 4B). Stoichio-
Importantly, we found that GOA-1 antibodies coimmu- metric amounts of RIC-8 doubled the rate of nucleotide
noprecipitate RIC-8 and, reciprocally, that RIC-8 anti- binding from 0.033 min	1 to 0.067 min	1, whereas a
bodies coimmunoprecipitate GOA-1 (Figure 3D, lanes 2 2-fold molar excess accelerated it 10-fold to 0.34 min	1
and 3). Furthermore, we found that neither RIC-8[md303] (Figure 4B). Thus, wild-type RIC-8 is a GEF for GOA-1.
nor RIC-8[md1909] undergo significant interaction with Importantly, we found in contrast that RIC-8[md1909]
GOA-1 in vivo (Figure 3E and 3F, lanes 2 and 3). Never- has no GEF activity over a wide range of concentrations
theless, the cortical distribution of GOA-1 is not impaired (Figure 4C).
in ric-8(md1909RNAi) embryos (Supplemental Figure In the absence of a GEF, the rate-limiting step in the
S1, compare D and F), indicating that ric-8 is not essen- G protein nucleotide cycle is the release of GDP from
G (Ferguson et al., 1986). Thus, RIC-8 should increasetial for GOA-1 cortical targeting. Taken together, these
Cell
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Figure 4. RIC-8 Exhibits GEF Activity; GPR-
1/2 Exhibits GDI Activity
(A) Coimmunoprecipitation of wild-type em-
bryonic extracts with GOA-1 antibodies either
as such (lane 2) or in the presence of 100 M
GDP (lane 3) or 100 M GTPS (lane 4). The
immunoprecipitated material was analyzed
by Western blot using antibodies against
RIC-8 or GOA-1, as indicated on the left with
arrowheads. Input is 1/50 of starting material.
(B) Time-course of [35S]GTPS binding to 100
nM GOA-1 in the presence of 100 or 200 nM
RIC-8. Results are the mean  SEM of dupli-
cate samples.
(C) Dose-dependent RIC-8 GEF activity.
[35S]GTPS binding assays were performed at
20C for 5 min on 100 nM GOA-1 with varying
concentrations (0 to 2.7 M) of RIC-8 (wild-
type) or RIC-8[md1909].
(D) Measurements of steady state GTPase
activity of GOA-1. One hundred nanomoles
GOA-1 was incubated with [-32P]GTP, either
alone or in the presence of 500 nM RIC-8,
and released [32P] phosphate quantified at the
indicated time points; results are the mean 
SEM of duplicate samples.
(E) Dose-dependent GDI activity of the GPR-
1/2 GoLoco motif. Two hundred nanomoles
GOA-1 was preincubated with varying con-
centrations (0 to 21.0 M) of a synthetic pep-
tide derived from GPR-1/2 (amino acids 423–
461). GTPS binding was measured by
fluorescence spectroscopy 5 min thereafter.
Initial rates of GTPS binding are plotted ver-
sus peptide concentration (IC50  0.9 M,
95% confidence interval of 0.6 to 1.2 M).
(F) Effect of GPR-1/2 on RIC-8 GEF activity.
One hundred nanomoles GOA-1 and indi-
cated concentrations of GPR-1/2 peptide
were preincubated for 15 min. Reactions
were initiated by addition of [35S]GTPS and
various concentrations of RIC-8 (0 to 3.2 M).
After 5 min, bound [35S]GTPS was measured;
results are the mean  SEM of duplicate
samples.
the GTPase activity of GOA-1 at steady state by acceler- RIC-8 Is Required for Interaction
of GOA-1 with GPR-1/2ating the G protein cycle. As shown in Figure 4D, we
found this to be the case, with a 5-fold molar excess We examined the relationship between RIC-8 and GPR-
1/2 in an effort to understand the mechanisms by whichof RIC-8 providing a 3-fold acceleration. Overall, we
conclude that, like its mammalian counterpart (Tall et a GEF and a GDI can both be required for G-dependent
force generation. We first tested whether association ofal., 2003), C. elegans RIC-8 is a GEF for G subunits
that accelerates the G protein nucleotide cycle in vitro. GPR-1/2 with G·GDP is required for subsequent bind-
ing of RIC-8, which could then mediate nucleotide ex-GoLoco proteins typically exhibit GDI activity toward
G subunits (for review, see Willard et al., 2004). Using change to generate G·GTP. If this were the case, then
the interaction between GOA-1 and RIC-8 should noa fluorescence-based nucleotide exchange assay, we
found that a peptide encompassing an extended GPR- longer occur when gpr-1/2 is inactivated. In contrast to
this prediction, we found that GOA-1 coimmunoprecipi-1/2 GoLoco motif (amino acids 423–461) has potent GDI
activity toward recombinant GOA-1 (IC50 of 0.9 M) (Fig- tates RIC-8 in gpr-1/2(RNAi) embryonic extracts in a
manner at least comparable to wild-type embryonic ex-ure 4E). A previous report indicated that 100 M of a
minimal GPR-1/2 peptide (amino acids 421–447) inhibits tracts (Figure 5A). Therefore, association of GPR-1/2
with GOA-1 is not necessary for binding of RIC-8 tonucleotide binding to 500 nM GOA-1 by 80% (Gotta et
al., 2003). The fact that the minimal GPR-1/2 peptide is GOA-1.
We next tested whether, conversely, association oforders of magnitude less potent than the extended one
is not surprising in light of the structure of the RGS14 RIC-8 with G·GDP is required for subsequent binding
of GPR-1/2. We raised antibodies against GPR-1/2 thatGoLoco motif bound to Gi1 (Kimple et al., 2002), in
which residues up to 13 amino acids C-terminal to the enabled us to monitor the protein in immunoprecipita-
tion experiments. These antibodies recognize a majorGoLoco motif contact the helical domain of G.
RIC-8 in Asymmetric Cell Division
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interacts with GOA-1 in vivo, as GOA-1 antibodies immu-
noprecipitate GPR-1/2 in wild-type embryonic extracts
(Figure 3D).
If association between RIC-8 and GOA-1 is necessary
for subsequent binding of GPR-1/2 to GOA-1, then the
latter interaction should no longer occur when ric-8 is
inactivated. As shown in Figures 3E and 3F, coimmuno-
precipitation experiments using GOA-1 antibodies re-
vealed that the interaction between GOA-1 and GPR-1/2
is indeed significantly diminished in ric-8(md303) or ric-
8(md1909) embryonic extracts (30-fold less than wild-
type; Supplemental Table S3). Therefore, association of
RIC-8 with GOA-1 appears to be necessary for efficient
binding of GPR-1/2 to GOA-1, suggesting that RIC-8
acts prior to GPR-1/2 in the G activation cycle. Interest-
ingly, RIC-8 antibodies also coimmunoprecipitate some
GPR-1/2, suggesting that the two molecules may be
part of the same complex in vivo (Figure 3D).
To test the consequence of GPR-1/2 on the GEF activ-
ity of RIC-8, we conducted GTPS binding assays in
the presence of both RIC-8 and the extended GPR-1/2
GoLoco peptide. We observed that RIC-8 GEF activity
is inhibited by the GPR-1/2 GoLoco motif in a dose-
dependent manner (Figure 4F). Therefore, the rate of
nucleotide exchange catalyzed by RIC-8 in vivo on
G·GDP complexed with GPR-1/2 is expected to be
much diminished compared to the rate of exchange on
free G·GDP.
Inactivation of G Alleviates the Requirement
for RIC-8 in Asymmetric Cell Division
Our findings that RIC-8 acts prior to GPR-1/2 raised
the possibility that RIC-8 activates G-dependent force
generation by supporting stable levels of G free from
the heterotrimer. In this scenario, inactivation of G
might enable GOA-1 to interact with GPR-1/2 even in
the absence of RIC-8. In keeping with this prediction,
we found that GOA-1 antibodies coimmunoprecipitate
GPR-1/2, similar to wild-type levels, in embryonic ex-
tracts from ric-8(md1909) animals that are also depleted
Figure 5. The Requirement of RIC-8 for the GOA-1/GPR-1/2 Interac- of G following RNAi of the G subunit gpb-1 (Figure
tion Is Alleviated by Inactivating G
5B; Supplemental Table S3 on the Cell website). We
(A and B) Embryonic extracts of the indicated genotypes were immu-
conclude that inactivation of G alleviates the need fornoprecipitated with GOA-1 antibodies and the immunoprecipitated
RIC-8 to permit association of GPR-1/2 with G·GDP.material analyzed by Western blot using antibodies against RIC-8,
We next tested whether inactivating G also allevi-GOA-1, or GPR-1/2, as indicated on the left with arrowheads. Input
is 1/50 of starting material. Note that interaction of GOA-1 and RIC-8 ates the requirement for RIC-8 in promoting force gener-
still occurs in gpr-1/2(RNAi) extracts, to an extent that in fact ex- ation in vivo. RNAi-mediated inactivation of gpb-1 on
ceeds that observed in the wild-type (A), and that interaction of its own results in abrupt back and forth movements of
GOA-1 and GPR-1/2 is restored in ric-8(md1909) mutant embryos
centrosomes during centration/rotation prior to mitosisfollowing gpb-1(RNAi) (B, compare with ric-8(md1909) in Figure 3F,
(Figure 6B, compare with 6A; Supplemental Movies S6lane 3; see also Supplemental Table S3).
and S7; Tsou et al., 2003). In addition, the spindle exhib-(C–E) Early two-cell stage wild-type (C), ric-8(md1909) (D), or ric-
8(md1909) gpb-1(RNAi) (E) embryo stained with GPR-1/2 antibodies, its exaggerated transverse oscillations during mitosis,
as well as with -tubulin antibodies. Left panels show GPR-1/2 which correlate with a larger than normal net force pull-
signal alone, right panels the merge of GPR-1/2 (red), -tubulin ing on spindle poles (Figure 1G; Supplemental Table S2).
(green), and DNA (blue). Note that whereas levels of cortical GPR-
Both abrupt movements and exaggerated oscillations1/2 are diminished in the ric-8(md1909RNAi) embryo (D, arrow),
result from excess G activity following G inactivationthey are indistinguishable from wild-type when gpb-1 is inactivated
because they are suppressed when goa-1/gpa-16 arein addition (E, compare to C, arrows). Scale bar  10 m.
inactivated in addition (Tsou et al., 2003; data not shown).
In ric-8(md1909) mutant embryos, centration/rotation is
gradual as in wild-type, and transverse oscillations arespecies of the expected molecular weight in wild-type
embryonic extracts; this species is significantly dimin- absent (Figure 6C; Supplemental Movie S8). Strikingly,
we found that ric-8(md1909) mutant embryos in whichished in gpr-1/2(RNAi) embryonic extracts (Figure 3C).
These antibodies allowed us to confirm that GPR-1/2 gpb-1 is inactivated by RNAi exhibit abrupt movements
Cell
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Figure 6. Inactivation of gpb-1 Is Epistatic to ric-8(md1909) in One-Cell Stage Embryos
(A–D) Timelapse DIC microscopy of wild-type (A), gpb-1(RNAi) (B), ric-8 (md1909) (C), and ric-8 (md1909) gpb-1(RNAi) (D) one-cell stage
embryos during centration/rotation (see also Supplemental Movies S6–S8 online). In each panel, a line is drawn between the two centrosomes
(indicated with numbers 1 through 5), and the angle between that line and the A-P axis is shown. Note that whereas centration/rotation is
smooth in wild-type and ric-8 (md1909) embryos, with the angle becoming gradually smaller over time, it occurs with abrupt back and forth
movements in gpb-1(RNAi) and ric-8 (md1909) gpb-1(RNAi) embryos, with the angle becoming repeatedly smaller and then larger again. Scale
bar  10 m.
(Figure 6D; Supplemental Movie S9), as well as exagger- sential for G activity even when G is inactivated,
inactivation of G alleviates the requirement for RIC-8ated oscillations which correlate with a larger than nor-
mal net force pulling on spindle poles (Figure 1G; Sup- during asymmetric division of C. elegans embryos.
plemental Table S2). We found this to be the case also
in ric-8(md1909RNAi) gpb-1(RNAi) embryos (Supple- Discussion
mental Table S2). In contrast, gpr-1/2(RNAi) embryos in
which gpb-1 is inactivated in addition are indistinguish- Identification of In Vivo Substrates for RIC-8
Previous studies established that RIC-8 acts upstreamable from gpr-1/2(RNAi) embryos, with a gradual centra-
tion/rotation and no transverse oscillation (Tsou et al., of, or in parallel to, the Gq subunit EGL-30 in the
C. elegans nervous system (Miller et al., 2000) and that2003).
We then tested whether cortical GPR-1/2 distribution rat Ric-8A exhibits GEF activity toward several G sub-
units in vitro (Tall et al., 2003). However, in vivo sub-in ric-8(md1909) mutant embryos is affected by gpb-1
inactivation. We first observed that levels of cortical strates for RIC-8 family members had not been identified
prior to this work. Several lines of evidence indicate thatGPR-1/2 are diminished in ric-8(md1909) mutant em-
bryos compared to wild-type (Figures 5C and 5D, arrow). GOA-1, and most likely GPA-16, are RIC-8 substrates
in C. elegans embryos. First, inactivation of ric-8 resultsThis is in keeping with the notion that cortical GPR-1/2
distribution is goa-1/gpa-16 dependent (Colombo et al., in an essentially identical phenotype to that of inactivat-
ing both goa-1 and gpa-16. Second, RIC-8 interacts with2003; Gotta et al., 2003 Srinivasan et al., 2003; Tsou et
al., 2003) and with the fact that interaction between GOA-1 and GPA-16 in yeast two-hybrid and GST pull-
down assays and associates with GOA-1·GDP in vitroGOA-1 and RIC-8[md1909] is severely compromised
(see Figures 3 and 4C). Importantly, we found in addition as well as in vivo. Third, RIC-8 is a GEF for GOA-1.
Interestingly, we found that the bulk of RIC-8 is cyto-that cortical GPR-1/2 is restored to wild-type levels in
ric-8(md1909) gpb-1(RNAi) embryos (Figure 5E). These plasmic in one-cell stage embryos, with only trace
amounts at the cell cortex, where GOA-1 is significantlyfindings are in agreement with the immunoprecipitation
experiments and establish that, whereas GPR-1/2 is es- enriched. This raises the possibility that most of the
RIC-8 in Asymmetric Cell Division
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Figure 7. Working Model of RIC-8- and GPR-1/2-Mediated G Activation during Asymmetric Cell Division
(A) In the wild-type, RIC-8 GEF activity (circled plus sign) generates G·GTP. The intrinsic GTPase activity of G·GTP, potentially accelerated
by an RGS protein, then yields G·GDP capable of interacting with the GoLoco motif (GL) of GPR-1/2. The GPR-1/2-interacting protein LIN-5
(Srinivasan et al., 2003) is not represented here but may also be part of this complex.
(B) In the absence of ric-8, G·GTP formation is reduced, which results in significantly lower G·GDP levels available for interaction with GPR-1/2.
(C) In the combined absence of ric-8 and of gpb-1, levels of free G·GDP are greatly increased. As a consequence, owing to spontaneous
exchange or to RIC-8-independent GEF activity, increased levels of G·GTP are generated, thus ultimately yielding G·GDP capable of
interacting with GPR-1/2.
See text for a discussion of this and alternative scenarios.
interaction between RIC-8 and GOA-1 occurs in the cy- GEF activity first generates G·GTP. Thereafter, the in-
trinsic GTPase activity of G, possibly accelerated bytoplasm. Alternatively, only the fraction of RIC-8 located
at the cell cortex may interact with GOA-1. Overall, our an RGS protein (for review, see Neubig and Siderovski,
2002), converts G to a GDP bound form now capablework identifies in vivo substrates for a RIC-8 family mem-
ber. It will be interesting to test whether bona fide sub- of binding GPR-1/2. Such a hydrolysis cycle may be
needed if, for instance, the G capable of bindingstrates include Drosophila Gi, which is also required
during asymmetric cell division (Schaefer et al., 2001). GPR-1/2 resides in a different subcellular domain than
the one binding RIC-8 at the onset of the activation
cycle. We note that, in studies of GPCR-mediated GRIC-8 Acts before GPR-1/2 to Establish
G-Dependent Force Generation protein signaling, infusion of GoLoco peptides into
mouse anterior pituitary cells dampens agonist-depen-Our work contributes to clarify the mechanisms of G
activation during asymmetric division of C. elegans em- dent activation of GIRK current only after an initial ago-
nist stimulus has been given (C.K. Webb et al., submit-bryos. Both RIC-8, a GEF, and GPR-1/2, a GDI, act as
positive regulators of G in vivo. It has been proposed ted). Therefore, GoLoco proteins might act on G·GDP
only after an initial activation cycle has been achieved:that GPR-1/2 competes with G for association with
G·GDP, thus permitting subsequent binding of G·GDP in the case of GPR-1/2, this initial cycle would be accel-
erated by RIC-8.by RIC-8, which would then mediate nucleotide ex-
change to generate an active G·GTP species (Gotta et In the framework of this working model, when RIC-8 is
inactivated (Figure 7B), formation of G·GTP is reduced,al., 2003; Srinivasan et al., 2003). Our results do not
support the notion that GPR-1/2 acts before RIC-8 be- which also decreases the levels of G·GDP available for
interaction with GPR-1/2. When G is inactivated incause the interaction between GOA-1 and RIC-8 is not
diminished in gpr-1/2(RNAi) embryonic extracts. Recent addition (Figure 7C), levels of free G·GDP are in-
creased. As G·GDP free of G-mediated GDI activitystudies of GPCR-mediated activation of GIRK channel
potassium current also suggest that GoLoco proteins has a much higher rate of spontaneous nucleotide ex-
change (Higashijima et al., 1987), accumulation ofcannot directly engage heterotrimer-complexed G-GDP
(Oxford and Webb, 2004; K. Webb et al., submitted). G·GTP may occur without a requirement for GEF activ-
ity under these circumstances.Our findings establish that association of RIC-8 with
GOA-1 is required for efficient binding of GPR-1/2 to Alternative models can also be considered. For in-
stance, RIC-8, G, and GPR-1/2 may form a tripartiteGOA-1, indicating that RIC-8 acts before GPR-1/2 in the
sequence of events leading to G activation. It may be complex, a possibility compatible with our finding that
RIC-8 antibodies coimmunoprecipitate GPR-1/2 fromthat RIC-8 itself, much like an activated GPCR, can free
G·GDP from G; this would require the C. elegans embryonic extracts. More generally, it is important to
protein to differ from rat Ric-8A in its ability to act on consider that current models are based on an analysis
heterotrimer-complexed G·GDP (Tall et al., 2003). Al- of RIC-8, GPR-1/2, and GOA-1 and that investigation of
ternatively, other factors may play an analogous role to the relationship between these components and GPA-
an activated GPCR in separating the heterotrimer to 16, as well as other potential partners, may alter these
present G·GDP for interaction with RIC-8 or else a pool views.
of G·GDP may be shielded from being complexed with An important open question pertains to the form of
G and thus able to readily interact with RIC-8. G that generates force. It is possible that G·GDP,
perhaps in a complex with GPR-1/2, is the active species
since GPR-1/2 is a GDI that acts as a positive regulatorActivation Mechanism of G-Dependent
Force Generation of G activity in the embryo and since GPR-1/2 acts
after RIC-8 in the activation cycle. Our working modelOur findings lead us to consider the following working
model for the role of RIC-8 in ensuring GPR-1/2-depen- does not exclude, however, G·GTP as the active spe-
cies. For instance, GPR-1/2 may serve as a corticaldent G activation (Figure 7A). We suggest that RIC-8
Cell
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Simanis). Secondary antibodies were 1:500 Alexa488-conjugatedreservoir for G·GDP, facilitating local transit through
goat anti-mouse (Molecular Probes) and 1:1000 Cy3-conjugatedthe entire G nucleotide cycle and ultimately promoting
goat anti-rabbit (Dianova). For RIC-8 staining, slides were incubatedlocal generation of G·GTP. It will be interesting to un-
O/N at 4C with the primary antibody. Slides were counterstained
equivocally ascertain which nucleotide bound form of with Hoechst 33258 (Sigma) to reveal DNA. Images were collected
G is responsible for force generation during asymmet- on an LSM510 Zeiss confocal microscope and processed in
Adobe Photoshop.ric division of C. elegans embryos.
Antibody GenerationRIC-8 and Asymmetric Cell Division
For generating GOA-1 antibodies, full-length goa-1 cDNA (gift fromBecause there is more GPR-1/2 at the posterior cortex
Michael Koelle) was cloned into pGEX-6P-1 (Pharmacia) to express
than on the anterior one, GPR-1/2 is thought to be cen- GOA-1-GST. GOA-1 was cleaved from GOA-1-GST bound on a GST
tral for translating A-P polarity cues into differential column, purified, and injected into a rabbit (Eurogentec). Anti-GOA-1
G-dependent cortical force generation (Colombo et al., antibodies were column affinity purified against GOA-1-GST using
HiTrap NHS-activated HP column (Pharmacia). Antibodies were2003; Gotta et al., 2003; Tsou et al., 2003). In contrast,
eluted with 100 mM glycine, pH 2.1, dialyzed O/N at 4C againstwhereas RIC-8 is essential for G activity, it is unlikely
PBS, and stored in 50% glycerol at 	20C.to be responsible for ensuring that the magnitude of
For generating GPR-1/2 antibodies, a partial cDNA corresponding
signaling is different on the anterior and posterior sides. to amino acids 341–525 was cloned into pGEX-6P-2 to express a
Indeed, although RIC-8 activity may yet be modulated GST fusion protein which was gel-purified from inclusion bodies
by A-P polarity cues, RIC-8 distribution is not polarized and injected into a rabbit (Eurogentec). Anti-GPR-1/2 antibodies
were strip-purified against GST-GPR-1/2 and stored as describedin one-cell stage C. elegans embryos. Nevertheless, our
above.work raises the possibility that differential distribution or
regulation of RIC-8 family members in other organisms
Yeast Two-Hybrid and Coimmunoprecipitationplays an important role in modulating spatial and tempo-
The yeast two-hybrid assay was performed as described (Colomboral aspects of G signaling.
et al., 2003). Briefly, the ric-8 cDNA from wild-type or ric-8(md303)
was obtained by RT-PCR, sequenced-verified, and cloned into the
Experimental Procedures bait vector pPC97. The second mutation found in ric-8(md1712md303)
was engineered by PCR-mediated site-directed mutagenesis in the
C. elegans Strains ric-8(md303) plasmid. The cDNA of ric-8(md1909) was PCR-ampli-
The following mutant strains were utilized: ric-8(md303), ric-8(md1909), fied from the plasmid described below and subcloned into pPC97.
goa-1(sa734) (Miller et al., 2000; Robatzek and Thomas, 2000). We Plasmids containing RIC-8 truncations were constructed by PCR
sequenced RT-PCR products (sequences of all primers available amplification from the wild-type ric-8 cDNA and subcloned into
upon request) from ric-8(md1909) homozygous mutant animals and pPC97. goa-1 and gpa-16 cDNAs were cloned into the prey vector
found that they lack exon 6 (amino acids 193 to 249). pPC86. The assay was performed on plates containing 30 mM
For generation of GFP-RIC-8 transgenic animals, full-length ric-8 3-aminotriazol.
cDNA was obtained following RT-PCR and cloned into pSU25, a To generate embryonic extracts, animals were cultivated to con-
gfp-pie1-based vector containing a rescuing unc-119 cDNA (gift fluency on 10 large (10 cm diameter) egg plates and axenized to
from Michael Glotzer). The construct was bombarded (Praitis et al., recover embryos, which were washed three times in M9 and placed
2001) and five transgenic lines were recovered, three of which were on NGM plates without bacteria. The resulting synchronized L1 lar-
integrated. One line expressed GFP-RIC-8 at levels readily detect- vae were recovered 
16 hr later and distributed to 30 large NGM
able by timelapse fluorescent microscopy (see Supplemental Movie plates seeded with OP50 or bacterial RNAi feeding strains, as appro-
S3 on the Cell website). priate. Animals were grown 44–48 hr at 20C and axenized to recover
mixed stages embryos, which were washed in M9, pelleted, resus-
RNAi, Microscopy, and Spindle Severing pended in an equal volume of lysis buffer (20 mM Tris-HCl [pH,7.5],
Generation and utilization of bacterial RNAi feeding strains was 100 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 1% TritonX-100, 1 mM
according to standard procedures (Kamath et al., 2001). Feeding of DTT, 1X protease inhibitor cocktail [Sigma]), frozen in liquid nitrogen,
L4 larvae was performed as follows: gpa-16 and gpb-1, 26–30 hr at and stored at 	80C. Embryos from the same plates were analyzed
25C; gpr-1/2, 44–48 hr at 20C; ric-8, 40–44 hr at 20C. For ric- in parallel using timelapse DIC microscopy to verify the presence
8(RNAi) in ric-8(md1909), L4 larvae were kept 12 hr at 20C and then of the phenotype. For gpb-1(RNAi), we also immunostained embryos
12–14 hr at 25C, which resulted in a more potent one-cell stage using GPB-1 antibodies (Zwaal et al., 1996) to ensure that substantial
phenotype for spindle severing experiments. When gpb-1(RNAi) was reduction of GBP-1 had been achieved (data not shown).
combined with ric-8(RNAi) in ric-8(md1909), animals were fed 44–51 To perform immunoprecipitations, frozen embryo pellets were
hr at 20C to ensure optimal inactivation of both gpb-1 and ric-8. ground using a mortar and pestle. About 1 ml of embryonic powder
Timelapse DIC microscopy (1 image every 5 s) or timelapse dual was obtained from each experiment. An equal volume of lysis buffer
DIC and fluorescent microscopy (1 image every 10 s) were per- was added and the resulting solution subjected to two pulses of
formed essentially as described (Brauchle et al., 2003). sonication at minimum duty cycle using a microtip (Branson Sonifier
Spindle severing experiments were performed as described (Grill 250), yielding 2–4 mg of protein per ml. At least 0.5 mg of embryonic
et al., 2001), except that a Leica LMD microscope equipped with a extract was used for each immunoprecipitation experiment. After
pulsed N2 laser (  337nM) was utilized. Subsequent tracking of centrifugation in a microfuge at 13K for 15 min at 4C, the extract
spindle poles by timelapse DIC microscopy (1 image every 0.5 s) was incubated with either 7 g of anti-RIC-8, 2 g of anti-GPR,
and measurements of average peak velocities were essentially as or 2.5g of anti-GOA-1 antibodies for 3 hr at 4C on a rotator. Fifteen
described (Grill et al., 2001). microliters ProteinG-Sepharose beads (Pharmacia) were added and
the incubation continued O/N at 4C. The beads were washed three
times with 1 ml of wash buffer (50 mM Tris-HCl, pH 7.5, 50 mMIndirect Immunofluorescence
Embryos were fixed and stained for indirect immunofluorescence NaCl). When immunoprecipitation was performed in the presence
of excess nucleotides, 100 M of GDP or GTP-S (Sigma)] wasessentially as described (Go¨nczy et al., 1999), using 1:200 mouse
anti--tubulin (DM1A, Sigma), as well as one of the following anti- added to the lysis and wash buffers.
SDS-PAGE and Western blot analysis were according to standardbodies raised in rabbits: 1:150 anti-GPR-1/2 (Colombo et al., 2003),
1:250 anti-RIC-8 (Miller and Rand, 2000), 1:10 anti-PAR-3 (Pichler procedures. All primary antibodies were used at 1:1000, the HRP-
conjugated goat anti-rabbit secondaries (Amersham) at 1:8000, andet al., 2000), 1:500 anti-PAR-1 (Go¨nczy et al., 2001), 1:5000 anti-
PGL-1 (Kawasaki et al., 1998), 1:300 anti-GFP (gift from Viesturs the signal revealed with standard chemiluminesence (Amersham).
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RIC-8 and GOA-1 Protein Purification Michael Glotzer, Michael Koelle, Ron Plasterk, and Viesturs Simanis
for reagents as well as Jean-Michel Bellanger, Daniel Constam, andFull-length ric-8 and 5-end-truncated goa-1 (corresponding to
amino acids 28–351) were subcloned into pPROEXHTb (Invitrogen). Viesturs Simanis for critical reading of the manuscript. Some strains
were obtained from the Caenorhabditis Genetics Center, which isA construct encoding RIC-8[md1909] was created by QuikChange
mutagenesis (Stratagene). Proteins were purified after overexpres- funded by the NIH National Center for Research Resources (NCRR).
This work was supported in part by grants from the Swiss Nationalsion in BL21(DE3) E. coli. Cells were grown to an OD600 of 0.6 and
induced with IPTG (1 mM for 6 hr at 27C, GOA-1; 100 M for 18 hr Science Foundation (31-62102.00 and 3100A0-102087 to P.G.) and
the U.S. National Institutes of Health (GM62338 and GM065533 toat 20C, RIC-8). GOA-1 was purified by multiple chromatographic
steps as described for mammalian Gi1 (Kimple et al., 2001). RIC-8 D.P.S.). F.S.W. is an American Heart Association postdoctoral fel-
low, and C.R.M. is funded by the Natural Sciences and Engineeringproteins were purified by sequential Ni2 affinity and size exclusion
chromatography. RIC-8 was observed to aggregate in low ionic Research Council of Canada.
strength buffers (0–300 mM NaCl). Thus all RIC-8 purification buffers
contained at least 5% (w/v) glycerol and 400 mM NaCl for protein Received: July 2, 2004
stability. Monodisperse GOA-1 and RIC-8 were concentrated using Revised: September 15, 2004
Centriprep YM-30 concentrators (Millipore) and snap frozen on Accepted: September 16, 2004
dry ice. Published online: September 23, 2004
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